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Xid-like Phenotypes: A B Cell Minireview
Signalosome Takes Shape
complex. The concept of a molecular scaffold organiz-
ing a signaling cassette has been validated genetically
in yeast MAP kinase signaling (reviewed in Burack and
David A. Fruman,* Anne B. Satterthwaite,²
and Owen N. Witte³§
*Department of Molecular Biology and Biochemistry
Shaw, 2000). Deletion of any of the kinases or their scaf-University of California, Irvine
folding protein results in a common mating defect. ThisIrvine, California 92697
minireview will focus on biochemical and genetic evi-²Department of Internal Medicine and
dence for such a scaffold or ªsignalosomeº model ofHarold C. Simmons Arthritis Research Center
BCR signaling.University of Texas Southwestern Medical Center
Xid refers to the immunodeficiency in CBA/N mice, aDallas, Texas 75390
naturally arising variant of the CBA/J strain. Over the³Howard Hughes Medical Institute and
years, these mice have been studied at many levels,Department of Microbiology, Immunology,
resulting in a clear picture of their immunological, cellu-and Molecular Genetics
lar, and molecular defects (reviewed extensively; seeUniversity of California, Los Angeles
Satterthwaite et al., 1998). Xid mice show poor antibodyLos Angeles, California 90095
responses to T-independent type II (TI-II) antigens, such
as NP-Ficoll, but normal responses to T-dependent (TD)A major goal in immunology research has been to delin-
antigens. NaõÈve animals have greatly reduced serumeate early signal transduction events after antigen re-
titers of certain Ig isotypes, particularly IgM and IgG3.ceptor ligation. This field was propelled forward by the
This correlates with a nearly complete absence of thediscovery in 1993 that mutations in Bruton's tyrosine
CD51 (B-1) subset of B cells that is thought to producekinase (Btk), a member of the Tec family of nonrecep-
much of the serum antibodies of these isotypes. Thetor tyrosine kinases, were the cause of inherited im-
number of mature splenic B cells (i.e., B-2 subset) ismunodeficiency diseases in both mice (Xid, for X-linked
moderately reduced, especially the IgMloIgDhi populationimmunodeficiency) and humans (XLA, for X-linked agam-
that represents mature recirculating cells. The remainingmaglobulinemia). The finding that impaired function of
B cells fail to proliferate in response to BCR stimulationa tyrosine kinase could compromise B cell development
in vitro and show greater spontaneous apoptosis. How-and proliferation reinforced the concept that regulated
ever, the cells do respond to anti-CD40 plus IL-4, consis-tyrosine phosphorylation plays a central role in lympho-
tent with normal TD antibody responses.cyte activation. Many laboratories have used gene tar-
A major signaling defect in Xid B cells is an attenuatedgeting technology to evaluate the role of other putative
Ca21 flux following BCR stimulation. In both B cells andsignaling components in activation of B cells and other
T cells of wild-type mice, antigen receptor stimulationleukocytes. A great surprise of these studies is the num-
causes an initial spike in intracellular Ca21 concentrationber of genes whose disruption causes a phenotype
followed by a sustained plateau of intermediate Ca21highly similar to Xid. Gene deletions resulting in close
concentration that slowly decays to basal levels (re-copies of Xid include knockouts of the p85a subunit of
viewed in Scharenberg and Kinet, 1998). The initial risephosphoinositide 3-kinase (PI3K) (Fruman et al., 1999;
is known to require the hydrolysis of PIP2 by PLCg1 orSuzuki et al., 1999), the adaptor protein BLNK/SLP-65/
PLCg2 to produce DAG and IP3. This results in releaseBASH (Jumaa et al., 1999; Pappu et al., 1999; Hayashi
of Ca21 stores from the ER lumen via IP3-gated chan-et al., 2000; Xu et al., 2000), and protein kinase C beta
nels. Emptying of these stores then causes the opening(PKCb) (Leitges et al., 1996). A similar but more severe
of plasma membrane Ca21 channels (ªstore-operated
phenotype is observed in mice lacking B cell receptor
channels,º or SOC) allowing ions from outside the cell
(BCR) signaling chains or the tyrosine kinase Syk (re-
to maintain an elevated intracellular Ca21 concentration.
viewed in Pillai, 1999). A common property of all these This process is known as capacitative calcium entry. A
proteins is their regulation of, or by, calcium flux. This relatively high level of IP3 needs to be produced to emptycorrelation is strengthened by the finding of Xid-like internal stores sufficiently to open the SOC and generate
defects in mice lacking the g2 isoform of phospholipase a sustained flux. Lower levels of IP3 produce a smallerC (PLCg2), as reported in this issue of Immunity (Wang release phase that generally fails to sustain a plateau.
et al., 2000). Thus, quantitative differences in the output of PLC en-
One could envision different models to explain how zymes can have clear qualitative effects on the Ca21
deletion of distinct genes could yield similar pheno- signal and subsequent activation of downstream signal-
types. The genes could encode proteins that function ing events. The sustained phase of Ca21 flux is blunted
in a linear pathway with either serial or parallel connec- in Btk-deficient B cells and augmented in cells overex-
tions, with each link absolutely required for the cellular pressing Btk (reviewed in Scharenberg and Kinet, 1998).
response. Alternatively, the genes could encode pro- PLCg2 is the major isoform of PLCg expressed in B
teins that act in concert via an interconnected complex cells (reviewed in DeFranco, 1997; Kurosaki and Tsu-
to produce the response. Removal of one component, kada, 2000). Wang and colleagues (2000) now have
as from a house of cards, would destabilize the whole shown that PLCg2 deficiency results in a pattern of de-
velopmental and functional abnormalities of the B cell
lineage nearly identical to those observed in Btk-defi-§ To whom correspondence should be addressed (e-mail: owenw@
microbio.ucla.edu). cient mice, likely due to impaired BCR-induced Ca21
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Figure 1. Schematic Diagram of the Signalo-
some Linking BCR Stimulation with Sus-
tained Ca21 Flux
BCR cross-linking leads to the activation of
three tyrosine kinases (Lyn, Syk, and Btk) and
a lipid kinase (PI3K). Production of PIP3
and tyrosine phosphorylation of the BLNK
adapter protein nucleates a complex that co-
ordinates the activation of PLCg2. Maximal
activation of PLCg2 is required to generate
sufficient IP3 to empty internal Ca21 stores,
which in turn is necessary for opening of SOC.
Ca21 and DAG are necessary cofactors for
activation of PKCb. Different colors represent
proteins whose gene deletion results in a
block at the pro-B to pre-B transition (yellow),
Xid-like defects in development and function
(red), or B cell hyperresponsiveness (green).
The store-operated calcium channel mecha-
nism is shown in blue. Arrows pointing to as-
terisks indicate phosphorylation events.
flux. Btk, PLCg2, and other proteins whose deletion re- diacylglycerol (DAG) and Ca21 that are produced follow-
ing PIP2 hydrolysis by PLC enzymes (reviewed in De-sults in Xid-like defects are shown in red in Figure 1.
There is some variation among the mice in the number Franco, 1997).
The interdependence of different inputs to PLCg2 pro-of IgM1 splenic B cells. For example, there are fewer
mature B cells in mice lacking BLNK or p85a compared vides strong support for the signalosome model. The
complex appears to be nucleated by two components:to Xid. On the other hand, PKCb-deficient mice have
nearly normal numbers of IgM1 and IgD1 cells. Some of PIP3 and BLNK. Although PI3K has not been demon-
strated to associate with this complex, its lipid productsthese differences could be the result of distinct genetic
backgrounds. The penetrance of the reduced B cell phe- appear to act as ªglueº for membrane assembly of the
components via phosphoinositide-binding domains innotype in Xid varies in different inbred strains (Khan et
al., 1995). All of these genetically altered mice have a Btk and probably PLCg2 as well. In different systems,
the SH2 domains and PH domain of PLCg2 have beennearly complete absence of B-1 cells, reduced serum
IgM and IgG3, and impaired TI-II antibody responses. shown to interact with PIP3 (reviewed in Scharenberg
and Kinet, 1998). Tyrosine-phosphorylated BLNK inter-Interestingly, LPS responses are also defective in B cells
from several of these mouse strains. acts with both Btk and PLCg2 via SH2 domains in those
proteins, facilitating tyrosine phosphorylation of PLCg2Biochemical evidence supports the genetic link be-
tween these various gene products. One consequence (reviewed in Kurosaki and Tsukada, 2000). One compo-
nent that may fit the linear signaling model is PKCb. Asof BCR cross-linking is the activation of the p85/p110
form of PI3K and the resulting generation of 39-phos- a Ca21- and DAG-regulated enzyme, PKCb probably
functions downstream of PLCg2 activation (reviewed inphorylated phosphoinositides. One of these lipids, PIP3,
binds selectively to the pleckstrin homology (PH) do- DeFranco, 1997). It may also exert feedback inhibition
of the signal by phosphorylating Btk on serine and threo-main of Btk, facilitating membrane recruitment of the
kinase, whereupon Src family kinases phosphorylate nine residues, but this function appears not to be re-
quired in the absence of its positive role (reviewed inTyr-551 in the activation loop (reviewed in Satterthwaite
et al., 1998). The importance of PI3K in Btk function is Satterthwaite et al., 1998).
Several proteins may function within the signalosomeillustrated by the fact that Xid is the result of a single
amino acid substitution (R28C) in the pleckstrin homol- even though their knockout phenotypes are distinct from
Xid. Syk is recruited to the activated BCR and can di-ogy (PH) domain, and this change eliminates selective
binding to PIP3 (reviewed in Satterthwaite et al., 1998). rectly tyrosine phosphorylate both BLNK and PLCg2
(reviewed in Kurosaki and Tsukada, 2000). In addition,Although the protein is still produced and the kinase
domain is intact, the R28C mutation appears to be a genetic studies have shown a requirement for Syk in
activation of PI3K (Beitz et al., 1999). However, deletionfunctional null since a nearly identical phenotype is ob-
served in Btk knockout mice (Khan et al., 1995). PLCg2 of BCR components or Syk (shown in yellow in Figure
1) results in a nearly complete block in B cell develop-appears to be a substrate for Btk in intact cells based
on coexpression studies in heterologous cells and in- ment at the pro-B to pre-B transition (reviewed in Pillai,
1999). This indicates that the BCR/Syk complex hascreased BCR-induced PLCg2 tyrosine phosphorylation
in B cells overexpressing Btk (reviewed in Scharenberg additional functions besides activating Btk and PLCg2.
These pathways may partially require BLNK and/orand Kinet, 1998). This is probably facilitated by BLNK,
an adapter protein that is highly tyrosine phosphorylated p85a, whose deletion results in a greater developmental
block than Xid. Lyn, one of the major Src family tyrosinefollowing BCR stimulation and binds several SH2 domain-
containing proteins, including Btk and PLCg2 (reviewed kinases expressed in B cells, is another example of a
protein likely to affect signalosome function though itsin Kurosaki and Tsukada, 2000). PKCb is activated by
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knockout phenotype is distinct. Lyn can activate Btk by model of B cell activation. In this view, the central re-
sponse regulator (PLCg2) is activated by multiple inde-phosphorylating its activation loop (reviewed in Sat-
pendent inputs that are organized by interactions withterthwaite et al., 1998) and may also activate PI3K via
membrane phosphoinositides and a docking proteinan interaction with p85a (reviewed in DeFranco, 1997).
(BLNK). A further level of organization may be providedHowever, although there is a reduction in mature B cell
by localization in lipid rafts. It should be emphasizednumbers in young Lyn-deficient mice, the remaining B
that the picture of the B cell signalosome is probablycells are hyperresponsive and the mice develop an auto-
incomplete. It is likely that other proteins that interactimmune syndrome. Indeed, Lyn plays an important role
with Btk may be involved in signal integration and modi-in downregulation of B cell activation via CD22/SHP-1-
fication. It will be important to apply genetic tests ofand FcgRIIb/SHIP-mediated pathways. In contrast, its
function to these components. Another challenge forpositive function may be partially redundant with other
the future is to determine whether distinct signalosomesSrc family kinases (DeFranco et al., 1998).
are organized by other receptors on B cells. The applica-It is not yet certain how the Ca21-regulating signalo-
tion of gene targeting technology, including conditionalsome is brought into proximity with the BCR/Syk com-
inactivation and RAG chimeric approaches, should con-plex and Src family kinases. A potential explanation was
tinue to clarify the complexities of lymphocyte acti-provided by the recent demonstration that the BCR,
vation.Lyn, and PLCg2 are found in lipid rafts following BCR
stimulation and that disruption of the rafts attenuates
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Conclusions
The molecular events linking BCR stimulation to Ca21
flux are coming into focus. Considering together the
results of biochemical studies and mouse genetic analy-
ses, strong support now exists for a ªsignalosomeº
